tion of FAs located at the glycerol backbone of TAG molecules 5, 6 . Recently, structured lipids SLs containing medium-chain fatty acids MCFAs have been attracted much attention, since they are absorbed more efficiently and rapidly in human body when compared to long-chain TAGs, owing to their small sizes which are relatively soluble in the aqueous phase of the intestinal contents and easier for pancreatic lipase to hydrolysis 7 . Such SLs can produce nutritional and health benefits such as a reduction in calories 7, 8 .
The interesterification process does not produce trans FAs and affect the degree of saturation. By using the catalytic interesterification, SLs are produced through changing the FA profiles and/or the positional distribution of FAs in the glycerol backbone so as to improve the physical and nutritional qualities that are required to meet the demand of health conscious consumers. Homogeneous base catalysts, as for instance sodium hy-catalysts are relatively inexpensive and readily available, technological problems, including difficult separation of the catalysts, and incapability for their reuse, are usually associated with these methodologies. These existing issues are of significant environmental and economic concerns in the industrial applications. More recently, there has been considerable interest in the development of heterogeneous catalyst in organic transformations so as to avoid the utilization of homogeneous catalysts 11, 12 . The use of heterogeneous catalysts can result in improved processing steps, including better process economics, easy separation, facile recyclability, and environmentally friendly industrial manufacturing. So far, a variety of heterogeneous base catalysts, for example supported alkali or alkaline earth metal oxides, basic zeolites, hydrotalcites, zeolites, and ion-exchange resins, have been explored for various organic reactions 13 17 .
Particularly, the immobilization of organic base catalysts on solid supports, has gained increasing attention as a new generation of heterogeneous catalyst, rendering the chemical processes recyclable with excellent stabilities of the catalyst, ease of catalyst separation and satisfactory catalyst reusability as comparison with the conventional homogeneous catalysts 18 . To our knowledge, however scarce research has been carried out to utilize the heterogeneous base catalysts for the interesterification of vegetable oils, despite they show excellent catalytic efficiency in a variety of other organic reactions 18, 19 . Accordingly, the design of an appropriate solid catalyst is of significant for the development of a sustainable interesterification process. In the past decades, templated mesoporous silica materials such as SBA-15 have attracted extensive attention as a good candidate for potential supports of heterogeneous catalysts thanks to their excellent textural features including their large surface areas, tunable nanometer-scale pore sizes, and well-defined surface properties 20 . Besides, they also possess abundant surface silanol groups that can be easily functionalized by organic active components. Grafting of active homogeneous base catalysts on an insoluble support is an ongoing endeavor to increase the application of heterogeneous alkaline catalysts in an industrial setting 21 .
Guanidines are strong organic bases that are commonly used as homogeneous catalysts for organic transformations 22 . These organic bases anchored onto the appropriate carriers, for instance guanidines tethered on polymer or encapsulated in zeolite cages, have been investigated as heterogeneous catalysts for the base-catalyzed organic reactions 21, 23 .
In view of this, a green approach to the industrial process has stimulated the application of sustainable solid base catalyst as replacements for liquid base catalysts so that the use of harmful substances and generation of toxic wastes are accordingly avoided. In continuation of our studies on developing environmentally benign methodologies for the interesterification of vegetable oils 24, 25 , herein 3-N,N -diisopropylguanidine -propyltriethoxysilane was firstly prepared in the present study and then employed as organosilane agent for immobilizing guanidine base onto the mesoporous SBA-15 materials through covalent bonds to synthesize the guanidine-functionalized SBA-15 catalyst. The obtained organic-inorganic hybrid base catalyst was characterized in detail by using various techniques, including small-angle X-ray power diffraction XRD , Fourier transform infrared FT-IR spectra, scanning electron microscopy SEM , transmission electron microscopy TEM , nitrogen adsorption-desorption and elemental analysis techniques. By using this solid base catalyst, the formulated blends of soybean oil with methyl octanoate or methyl decanoate at different proportions were subjected to the interesterification reaction for the production of SLs containing MCFAs. The influence of the interesterification variables, such as substrate ratio, reaction temperature, catalyst loading, and reaction time on the interesterification reaction was studied systematically. The original and interesterified oils were examined for the FA profiles and iodine value. Moreover, the recyclability of the hybrid catalyst was also tested through consecutive catalytic runs. 
MATERIAL AND MTTHODS

Catalyst preparation
Mesoporous SBA-15 silica was prepared under hydrothermal conditions according to methodology described previously 26 . In a typical procedure, P123 10 g was firstly dissolved in 75 mL of deionized water and 300 mL of 2 mol/ L HCl solution, and then allowed to stir at 313 K. Thereafter, 21 g of tetraethylorthosilicate TEOS was added, and the resultant solution was stirred continuously at 40 for 24 h. Next, the solution was transferred and sealed into a Teflon-lined stainless-steel autoclave, after which the auto-clave was heated at 100 for 48 h. The white solid products were collected, then washed thoroughly with deionized water, and finally dried in air at room temperature. The SBA-15 material was thus obtained as a support material for preparation of the solid catalyst by calcining the material in air at 550 for 6 h. As depicted in Fig. 1 , the organosilane agent, namely 3-N,N -diisopropylguanidine -propyltriethoxysilane, was firstly synthesized and then allowed to anchor onto the SBA-15 silica. Typically, N,N -diisopropylcarbodiimide 0.01 mol and 3-aminopropyl triethoxysilane 0.01 mol were mixed in 20 mL of dried toluene. Thereafter, this resulting solution was stirred for 24 h at reflux temperature under nitrogen atmosphere, and subsequently the toluene was removed under reduced pressure, yielding the organosilane agent an amber oil with sufficient purity for next step 27 .
In the next step, the organosilane agent was dissolved in 30 mL of dried toluene, and SBA-15 silica 1.0g was added into the solution. After this, the resultant suspension was stirred at reflux temperature under nitrogen atmosphere for 24 h. After cooling to room temperature, the thus-functionalized SBA-15 silica, designed as SBA-15-pr-guanindine, was recovered by filtration, washed thoroughly with toluene and methanol, and extracted for 6 h using a 1/1 diethyl ether/methylene chloride mixture, followed by drying at 60 for 12 h under vacuum prior to use.
Catalyst characterization
Small-angle X-ray power diffraction XRD patterns were acquired on a Rigaku D/MAX-3B powder X-ray diffractometer with the Cu Kα radiation source of wavelength 0.154 nm at 40 kV and 20 mA. Fourier transform infrared FT-IR measurements were carried out with a Shimadzu IR-Prestige-21 spectrometer in the range of 400-4000 cm 1 using
KBr pellet techniques. SEM micrographs were recorded with a field-emission microscope JEOL, JSM-6390LV using an accelerating voltage of 15 kV. TEM observations were performed on a JSM-6390LV transmission electronic microscopy at an accelerating voltage of 200 kV.
The nitrogen adsorption-desorption isotherm was measured using a Quantachrome NOVA 1000e instrument at liquid nitrogen temperature 196 . The specific surface area was calculated using the Brunauer-Emmett-Teller BET multipoint method, meanwhile the pore volume and pore size distribution were determined by using the Barrett-Joyner-Halenda BJH method applied to the adsorption branch of the nitrogen adsorption-desorption isotherm. Elemental analyses of the organic groups attached on the SBA-15 support surface were performed on a CarloErba 1106 elemental analyzer.
Interesteri cation Procedures
The blends, formulated with soybean oil and methyl octanoate or methyl decanoate at different ratios, were initially heated under vacuum at 60 to homogenize the reaction mixture and to remove air and moisture present in the reactants. For the purpose of eliminating the oil oxidation, the interesterification reaction was carried out under a nitrogen atmosphere. The chemical interesterification in batch reactor was started by the addition of 8 wt. of the guanindine-functionalized SBA-15 silica as a catalyst. The formulated blends were interesterified under reduced pressure at a temperature of 100 with magnetic stirring 750 rpm for a timeframe of 5 h. After completion of the interesterification, the product was filtered, and then employed for subsequent analysis. All assays were performed in duplicate, and the means were used for the evaluation of the results.
Analytical Methods
For the interesterification of soybean oil with methyl octanoate or methyl decanoate, the quantification of the octanoyl or decanoyl incorporation amount into the TAGs of soybean oil was carried out after separation of the TAG fraction by thin-layer chromatography TLC on silica gel 60G plates. The interesterified blends were spotted on TLC silica gel plates, and then developed with petroleum ether/ ethyl ether/acetic acid 90:10:1, v/v/v . The developed TLC plates were air-dried and sprayed with a solution of 0.2 2,7-dichlorofluorescein in 95 ethanol. Bands corresponding to TAGs were scrapped from the silica plates, then subjected to extract using n-hexane, and finally analyzed for the FA profiles. The progress of the interesterification was followed by the determination of MCFA incorporation into the TAGs.
The FA compositions of original and interesterified oils were determined after conversion of FAs into their corresponding fatty acid methyl esters FAMEs by a gas chromatography GC according to AOAC method Ce 2-66 28 .
Analyses of FAMEs were performed on an Agilent 6890 N gas chromatograph Santa Clara, CA. U.S.A. equipped with split-injection port, flame-ionization detector and a software package. Injections were carried out in a fused-silica capillary column 60 m 0.25 mm coated with 0.25 μm of BPX-70 SGE, Australia using nitrogen as carrier gas at a flow rate of 1.2 mL/min with a split ratio of 1:20. The injector and detector temperatures were set at 260 and 300 , respectively. The oven temperature was initially set at 160 for 5 min, then, programmed to increase to 200 at a rate of 5 /min, and held isothermally for another 42 min at the final temperature. The FAME composition was identified by comparing the retention time of the peaks with the respective standards. Duplicate analyses were performed on each of the samples. The quantitative composition was obtained by area normalization and expressed as mass percentage, according to the AOCS Official Method Ce 2-66 28 .
To determine the sn-2 positional FA composition, the obtained TAGs were hydrolyzed to 2-monoacylglycerols using pancreatic lipase according to the method described in the literature 28 . The formed 2-monoacylglycerol was separated by TLC plates, and the sn-2 positional analysis of FA residues in the TAGs was carried out by GC techniques after 2-monoacylglycerol was totally converted to FAMEs as described previously. The iodine value IV for the interesterified product was determined according to the AOCS Official Method Cd 1c-85 AOCS, 2009 28 .
RESULTS AND DISCUSSION
Catalytic activity of the solid catalyst
The sequence for preparation of the guanidine-functionalized SBA-15 silica is divided in two steps. Firstly, the silylant agent is prepared by the reaction between N,N -diisopropylcarbodiimide and 3-aminopropyl triethoxysilane. In the second step, the prepared organosilane agent bearing the guanindine moiety, was then covalently anchored onto the SBA-15 silica to give the SBA-15-pr-guanidine catalyst. The immobilization of the guanindine on the SBA-15 silica can inhibit the leakage of catalytically active components in the reaction media, leading to guanidinefunctionalized SBA-15 to be a genuine solid base catalyst with good recyclability. The bound guanindines possess three tertiary amine groups in their special structural features, which are considered as the catalytically active sites for the interesterification reaction.
The interesterification degree could be determined in terms of the MCFA amount in the interesterified product. Anyway, no appreciable interesterification occurred when the pure SBA-15 silica was employed as a catalyst. By contrast, the SBA-15-pr-guanindine catalyst displayed considerable activities to the reaction, since the interesterification over the solid base catalyst can substantially alter the FA profiles of the starting soybean oil.
The total FA profiles, the sn-2 positional FA compositions and the iodine values IV of the soybean oil and interesterified products are shown in Table 1 . As observed, the major FAs found in the original soybean oil were linoleic acid 53. 6 , followed by oleic acid 23.2 , palmitic acid 11.1 , linolenic acid 7.2 and stearic acid 4.8 , with the IV value of 134.2. As seen from Table 1 , there was a significant difference in the FA composition for the interesterifized product after the catalytic reaction with methyl octanoate or methyl decanoate. As compared to the starting soybean oil, the produced SLs showed an increase in MCFAs and a decrease in the long-chain FAs in their TAGs as clearly displayed in Table 1 . Besides, the decrease in iodine value for the interesterified product was also observed, because the inserted MCFAs in the TAGs could result in the reduction in the saturability of the product.
As indicated in Table 1 , the sn-2 position of the soybean oil mainly consisted of oleic acid 23.5 and linoleic acid 67. 4 , with a small amount of linolenic acid 6.2 , palmitic acid 1.4 , and stearic acid 1.1 . However, the FA moiety at sn-2 position of the produced SLs was found to be significantly changed after the catalytic interesterification reaction. In particular, the levels of octanoic acid or decanoic acid were greatly increased to 16.8 or 16.1 at the sn-2 position, respectively, as methyl octanoate and methyl decanoate were added individually into the reaction mixture as acyl donors, by using the SBA-15-pr-guanidine catalyst. Such results further confirmed that the solid catalyst could be used to efficiently catalyze the interesterification reaction. Besides, the data listed in Table 1 showed some selectivity to the sn-2 position interesterification for the solid catalyst. We cannot understand the reason for the selectivity, and further experimental work is needed.
Catalyst Characterization
The successful attachment of guanidine base onto the mesoporous SBA-15 material can be inferred employing FT-IR spectroscopy. Figure 2 illustrates the FT-IR spectra obtained for parent SBA-15 silica and SBA-15-pr-guanindine catalyst. In the case of non-functionalized SBA-15 silica, a broad IR band centered at 3460 cm 1 was mainly owing to framework Si-OH groups and adsorbed water, Figure 3 shows the low-angle XRD pattern for the guanidine-functionalized SBA-15 silica. For comparison, the lowangle XRD pattern of SBA-15 silica is also provided. The two samples exhibited an intense peak at 0.91 due to 100 reflection, and two well-resolved weak peaks at 1.56 and 1.76 due to higher order 110 and 200 reflections 24, 29 .
Such results showed that the two dimensional hexagonal mesoporous structure of SBA-15 silica with p6mm space group remained almost unaltered even after the organofunctionalization. Besides, the characteristic XRD peaks tended to be decreased in intensity with the anchoring of guanidine base onto the SBA-15 support, revealing the reduction of pore size owing to the introduction of organic moieties into the support 29 . It is therefore possible to conclude that the primary mesoporous structure of SBA-15 silica was not destroyed after the incorporation of guanidine base. The morphology and pore size were characterized by SEM techniques. As displayed in Fig. 4 , the parent SBA-15 was composed of many rope-shaped domains with relatively uniform particles around 1 μm, which aggregated into wheat-like macrostructure, in agreement with the earlier literature 26, 33 . The SBA-15-pr-guanindine catalyst displayed a wheat-like morphology similar to the parent SBA-15 silica. Obviously, no significant change in the surface morphology occurred after the organofunctionalization of SBA-15 silica. Moreover, the morphology properties of siliceous SBA-15 and guanidine-functionalized SBA-15 silica are also characterized by TEM techniques. As shown in Fig. 5 , the TEM micrograph of SBA-15 silica clearly revealed the regular hexagonal array of one-dimensional channels with a typical honeycomb-like appearance of solid materials, suggesting the presence of highly ordered pore structure of the host material 29, 33 . The prepared SBA-15-pr-guanindine catalyst showed a similar TEM micrograph to the non-functionalized SBA-15 silica, which further demonstrated that the ordered mesoporous framework was essentially retained after the incorporation of organic components into the SBA-15 support, which facilitates the reactant molecules access to the catalytic sites on the catalyst surface. The elemental analyses for the SBA-15-pr-guanindine catalyst showed that the carbon, hydrogen and nitrogen contents were 17.76 , 3.99 , and 5.87 , respectively. As expected, no carbon, hydrogen and nitrogen elements were detected on the siliceous SBA-15 because this support material was initially calcined at 550 for 6 h. On the basis of elemental results, the amount of guanidine base loaded on the SBA-15 silica was equivalent to 1.41 mmol/g, assuming that all the nitrogen atoms in the functionalized SBA-15 materials are in the guanidine form.
The mesoporosity of SBA-15 silica and SBA-15-pr-guanindine catalyst was examined by nitrogen adsorption-desorption measurements, and the obtained isotherms are displayed in Fig. 6 . According to IUPAC classification, all the isotherms for the two samples could be classed as irreversible type IV isotherm with a H1-type hysteresis loop, which was the typical behaviors of highly ordered mesoporous structures with narrow pore size distributions 21, 29 .
Besides, it is interesting to note that the adsorption-desorption hysteresis occurred at a relative pressure of about 0.75 owing to capillary nitrogen condensation, demonstrating that the materials contain mesoporous structure with high-ordering and relatively uniform pore size 34 . For the SBA-15-pr-guanindine catalyst, the capillary condensation appeared to shift toward lower pressures and the amount of adsorbed nitrogen was reduced in comparison with the parent SBA-15 silica. This result can be explained due to the decrease in the pore diameter, attributing to the immobilization of the organic moieties. Accordingly, we can conclude that the siliceous SBA-15 could still retain its mesoporous structure even after the guanidine-functionalization by the grafting reaction.
To some extent, the catalytic activity of the solid catalysts is determined by their morphological characteristics and textural properties, which can influence the number of active sites, the accessibility of active sites on the catalyst surface to the reactants, and the mass-transport of the reactant or product molecules. The textural properties of the samples were calculated from the N 2 adsorption-desorption isotherms at 196 , as listed in Table 2 . For the SBA-15 support, the average pore size was 6.64 nm, and the BET surface area and total pore volume were calculated to be 5.89 m 2 /g and 0.92 cm 3 /g, respectively, which were in accordance with the literature data 34, 35 . After immobilization of the guanidine base, as indicated in Table 2 , the surface area and pore volume were found to decrease to 263 m 2 /g and 0.52 cm 3 /g, respectively. Clearly, the prepared solid catalyst showed some loss of surface area and a reduction in pore volume and pore diameter after the surface organofunctionalization, which undoubtedly implied the blockage of the mesopores of the siliceous SBA-15 with the organic base. Overall, it is important to highlight that even though such a change in the textural properties to some extent, the SBA-15-pr-guanidine catalyst still remained large surface area and mesoporous structure after the organofunctionalization, which is beneficial for the catalytic reaction.
In uence of Interesteri cation Parameters
In the present contribution, soybean oil and methyl octanoate or methyl decanoate were chosen as feedstocks so as to produce SLs containing MCFAs. The substrate ratio has a significant influence on the catalytic interesterification. From Fig. 7 , it was noted that the octanoyl or decanoyl incorporations were increased upon increasing the MCFA methyl ester/soybean oil ratio from 0.5:1 to 4:1. Generally, a higher substrate ratio is beneficial to the interesterification from the viewpoint of reaction equilibrium, thus yielding a higher MCFA incorporation. However, the further increase in MCFA methyl ester/soybean oil ratio beyond 4:1 led to no obvious increase in the octanoyl or decanoyl incorporations. Hence, the MCFA methyl ester/ soybean oil ratio of 4:1 is suitable for obtaining high octanoyl or decanoyl incorporations.
The effect of reaction temperature on the catalytic interesterification was investigated, and the results are presented in Fig. 8 . No incorporation of MCFAs was observed when the reaction was carried out at 40 . With increasing reaction temperature from 50 to 100 , the octanoyl or decanoyl incorporations were steadily increased to 27.6 or 26.4 , respectively, and the maximum incorporation of MCFAs into the TAGs was achieved at a reaction temperature of 100 . However, with further increase in reaction temperature to 110 , no obvious increase in MCFA content of the interesterified products was observed. Accordingly, it can be deduced that the proper temperature for the interesterification reaction is 100 .
The influence of reaction duration on the intereaterication reaction is shown in Fig. 9 . After 1h of the interesterification, the octanoyl or decanoyl incorporations were 9.8 or 8.5 , respectively. As can be seen, the MCFA contents were shown to enhance considerably as the reaction time increased from 1 h to 5 h. At a reaction time of 5 h, the octanoyl or decanoyl incorporations reached the maximum value of 27.6 or 26.4 , respectively, as an equilibrium incorporation. However, no significant change in the octanoyl or decanoyl incorporations was observed with further prolongation of the reaction beyond 5h. In light of the results, we can conclude that the suitable reaction time is 5 h.
In the absence of any catalyst, no interesterification reaction was observed even after the reaction time was prolonged. The influence of catalyst amount on the catalytic Fig. 7 Influence of substrate ratio on the catalytic interesterification. Fig. 8 Influence of reaction temperature on the catalytic interesterification. Fig. 9 Influence of reaction time on the catalytic interesterification.
An efficient solid catalyst for interesterification of soybean oil
interesterification was studied by varying the catalyst loading in the reaction, and the obtained results are shown in Fig. 10 . As observed, at a low catalyst amount of 1 wt. , the octanoyl or decanoyl incorporations were only 10.1 or 9.5 , respectively, most likely owing to insufficient active sites to catalyze the reaction. Remarkably, on increasing the level of catalyst loading from 1 to 8 wt. , the incorporatations of MCFAs were accordingly ascended. The enhance in the MCFA incorporation could be attributed to an increase in the number of available catalytically active sites for the reaction. At a catalyst loading of 8 wt. , the maximum incorporatations of MCFAs were achieved. However, a further increase of catalyst loading to 10 wt. had no significant influence on the MCFA incorporation. By drawing on the results, the optimum catalyst amount is around 8 wt. . Furthermore, for all the interesterificaion variables studied in this work, the incorporation level of octanoyl groups was higher than that of decanoyl groups, showing that the interesterification with methyl octanoate was carried out more easily than the interesterification with methyl decanoate, most likely owing to the steric hindrance effect.
Reusability of the Catalyst
One of the important factors contributing to the catalytic performance is the recyclability of the solid catalyst from practical application view. The reusability of the solid catalysts was assayed through several consecutive runs. Upon completion of the catalytic interesterification with methyl octanoate, the solid catalyst was recovered by filtration deactivation of the reaction , washed with cyclohexane and ethanol, and dried at 80 overnight. The recovered catalyst was then employed for the next cycle under the optimized reaction conditions. When the solid catalyst was utilized for 1,2,3,4 cycles, the extent of octanoyl incorporation was 27.6 , 27.2 , 26.5 , and 26.1 , respectively. Obviously, in the four cycles, no appreciable loss in the catalytic activity was found for the solid base catalyst. However, the catalytic activity was significantly decreased when the catalyst was used for more than four times, mostly due to the accumulation of impurities on the surface of the solid catalyst. The impurities can cover the catalytically active sites resulting in the deactivation of the solid catalyst. Based on the results, the solid catalyst could be used at least four times without significant loss of activity.
To further verify the heterogeneous nature of the catalyst, a leaching test was carried out, in which the catalyst was removed from the reaction mixture after 2 h of reaction and then the interesterification was further processed for another 3 h without the catalyst. The experimental results showed that no further increase in octanoyl group was observed at the extended reaction time, revealing that no reaction occurred in the homogeneous manner and the interesterification process was practically heterogeneous. Such results showed that no considerable leaching was occurred during the course of interesterification reaction.
CONCLUSIONS
The guanidine-functionalized SBA-15 silica, designed as SBA-15-pr-guanidine, was prepared by grafting of the organic guanidine base onto the SBA-15 material, and then employed as an efficient solid catalyst for the interesterification of soybean oil with methyl octanoate or methyl decanoate. The catalyst characterization results showed that the guanidine base was successfully anchored on the mesoporous SBA-15 material, and the ordered mesoporous structure of siliceous SBA-15 remained almost unaltered after the organofunctionalization. This solid base catalyst presents the advantage of being easily recovered and recycled without significant loss of activity after several reuse runs thus satisfying the principles of green chemistry.
